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Abstract

Ful urc plans for planct:try  exploration currcnll y include using n! ult iplc spacccmfl  [0 simullmcousl  y cxplm cmc
plancx. I’his ncvcu before cimuntcrcxl  situalion,  places ncw dcmar]ds  on tracking syslcms used to suppo]l
navigat ion.  Onc possib]c solution to the problcm of heavy ground rcsour~c cmflicls is the usc of multi-
spacccrafl  cohcrcnl radio mclric dat:i, also Imowa as, bcnl-pil)c dala. An:tlysis of Ihc information contctl[ of
lhcsc data lypcs show lhal the information con[cnt  of mull i-spacecraft Doppler is dcpcndcnl only on the
frequency of Ihc final (lownlink leg and is indcpcndcnl of Ihc fr~qucncicx USCCI on other Icgs. Numerical analysis
shows IhaI colwrcnt hcnt-pipe Ma can provide significan{]y  bcl(cr capability to cslimatc  the location of a kmdcr
on lbc surface of Mars, than can clirml Iaadcr 10 Earth radio mclric &M. }knvcvcr,  Ibis is comp] icalcd by
difficul[ics  in separating Ihc cffccl of a Lmdcr  position error fro]n  that o{ an orbi[cr position error for single passes
of data. Additional analysis is rcquiml  to dctcmiilc tbc separability for longc.r data arcs.

lnt rmluct  ion

As plans arc being made 10 send mullipk sp:icccrafl  simulmncouslj’  10 Ibc same ]dancl, i[ kis bccomc apparent that this
places a considerable burden on the abilily of Earth based tmckiny rcsourccs 10 provide lbc lCVCIS and types of suppml
[raditimdly provided. in Ihc pasI NASA’s Deep Space Nc[work (DSN)  has been able 10 mccl lhc needs of sJ~:icccrafl
WI1OSC visihili[y J~criods overlapped by using extra rcsourccs or by ncgotiaiccl  compromises in scbcduling. This was in
pm achicvahlc  bccausc, ovcrlapJ~ing  visihilit  y periods were. general I y a trwsicnt  ]Ibcnomcna, which orbital motion would
corrccl. IIowcvcr, with the dcvclopmcn[ of the A4(lrs  Surucyor  pro~:ram, i[ is phumcd  Ihat the DSN will have to support
Inu]lip]c spacecraft in orbil around or landed on the surface of Mars. During ccrlain Jhscs of this program, it is
envisioned lha[ four or more spacccfiift (some combinatiotl of hinders and orbiters) may simultmcously  bc in operation
This will require the dcvclopmcnt  of ncw tcclmiqucs and opcration:tl  mctlmds, including in the arv~ of navigation.

Traditionally operational deep space naviga[iol] has been J]crfo]  mcd hy using cohcrcnt 2 way Doppler and ranging
bclwccn an F:arth st:ilion and the spacecraft. ]n this nl(xlc  of opcralion an uplink signal is sent from the Earlh to a
spacecraft, where Ihc frequency of the rcccivcd signal is used 13) lhc spacccraf-l  k) control Ihc frcqucmy  of the signal
hmsmillcd  back [o Earth. Additionally, a ranging signal (or sign:lls) can bc m(xlulalccl  oI~ Ihc uplink  demodulated by
the spacccr:ifl rcccivcr  and rcmodula(cd onto the downlink, allowing for Ihc measure. of the round-trip lighl lime to t hc
spacecraft. These recking dat:t Iypcs were provided in passes which typically lmc.d from four [o cigbt hours. The IoIal
mount  of covmgc varied from three passes/per week to continuous covcragc. II can bc seen lhal il would bc difficull to
provide lhis ICVCI of supporl 10 1 wo or more spacecraft which have a lof)% visihilily  overlap without committing large
amounls of DSN ground rcsourccs for yc:ws at a time.

Allcrnativc  mwking methods do exist, s u c h  m rccciving :i nonc(dlcrcnl  downlirlk with a n~ulticbannc] rcccivcr. This
however, places a grcal rclimcc on Ihc slahility of the spacecraft oscillator. Analysis (Ref. 1) indicates that rcasonahlc
accuracies cm bc mc( with such a noncohcrcnt systcm, but tha[ tlIcsc accumcics  arc. not equal 10 a cohcrcnl sys[cm. A
second oplion is 10 lrack onc spacecraft in Ihc Iradiliona]  nmn~’.  r, and to have th;tt spacecraft rcccivc,  process, and
tclcmclcr  lo the Eur(h noncobcrcnt sigrmls sent by other sp:icccI  :~f[ which arc twarhy. Such a syslcm has significant
advan[agcs ill [1]:11 the radio sys[ctn fol the  secondary s])acccrafl  can bc mucil smaller  in that i( is no[ ncccssary 10
provide a link 10 [he %111. However ibis sys[cm is highly (lcpcHdcrIt  on [hc st:ibilily of oscillators on both spacecraft and
on [Itc accuracy of lbc Doppler cxlraclion and tclmctcrin,g systcm on the relay. Analysis performed to support the never
cxcrciscd MBR relay, bciwccn Russian M:irs Imlcrs and the Mu/s Obsen)ct”  spucccrafl (l<cf. 2.) indicalcs  that by far lhc
limiling error source for (bat syslcm was lhc stability of the Iandcr  oscillator. 1 lmvcvcr a systcm midway bclwccn lhc
currcnl cohcrcnl tracking process and lhc Ic]cmclcrcd  syslcm could bc dcvclopcd. “1’his sys[cm would utilize  a cohcrmt
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radio link between the Earth station and both spacecraft. This “bent-pipe” data would not have any dependence on
spacecraft oscillators, would not require a I)opplcr extraction/tclcmctry syslcm, and would not require the support of
simultaneous uplinks from tlm Iiar{h.

Bent-1’ipc ‘hacking

A bent-pipctracking scheme is illustrated in Figure 1. In this case a radio sigtlal of frequency, fw, is broadcast fi-om an
IIartb sta[ion. This signal is received by the first spacccmf[  (S~t),  with the shifted frequency, fm, and then is coherently
rebroadcast with frequency, ftl,, to the second spacecraft (S~2), where the received frequency is frz. SC2 then cohcrcnt]y
rebroadcasts the data with frequency, f12, to SCI, whe,rc it is received with the frcqumcy, fr)h,  and coherently broadcast
with the frequency, fm. l;inally the signal is received at the Earlb station with a measured rece~t frequency of fw. The

length and late  of change of the length of the four radio links are designated respectively, PI I PI, P2, b, P~, b3, and P4, bd.

1 ~igure 1: Two spacecraft berlt pipe trackin[~,

ObscrvaMes

By convention, the Doppler radio nlctl”ic observable, O, is defined as:

O = f[l r] r2 r~- frij

where:

<Iiq. 1>
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()f,r] = the frequency Iut-n  arouncl  ratio between leg 1 & leg 2 –l?.
frla

( )

f,rz = the frcquc.ncy  lurn around ratio b([wccn  leg 2 & Icg 3 -2
f

(. \
f:r~ = the frequency tu]n around ratio between Icg ~ & ]c.g 4 ~~

liowever,  working backward from the received signal, fn:

frl = c

{().“2
]-P~

c

f’,, b + E4

<Eq. 2>

whcI c:

P4 = the rate of change of the Icngtl  of the final radio link
&4 s noise and other effects (including transmission

media) on tbc final downlink leg
c= the spccct of light

lnthc interest ofs[rcamliningt  henotation,af  unction is introduced [orcplacethcfirst  factor ontheright hand side of Iiq,
2, thcllopplershift multiplier.

/ ].3 \
d(x) = [4 dc _.— —.].x~

c

thereby reducing llq.. 2 to:

fr1=cl(p4)f,, b+ F.4

Given thcdcfinition  of the turn around ratio, it ispossiblc  to redefine fll~:

f[lb =r3 f,lb

1 Iowcvcr,

fr,b = d(p.1) f,2 -t [.3

wtlcrc:

P3 =’ the rate of change of the length of the second
intcrlncdiate  leg

&s = noise and other effects (including transmission
media) on the second intcrmcdiatc  leg

recursively substituting 1~~..  6 into Iiq.. 5 and that result into Ikl.. 4:

f,l.,  = d(p.~)tl (d(fi{)ftz + CJ) + E4

which expands to

<Eq .3>

<Eq. 4>

<Eq. 5>

<I ~q. 6>
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f,t = d(~~)  CI(P3)  r3 ft2 + d(~~4) rs ES + F.4

repeating the steps of llq.. 5 and I;#q.. 6 on the transmission leg from SCI to S~2:

f,2 =r’2 fr2

f,, = d(~) f{,, + E2

recursively substituting as before

f,,, = d(p4) d(pj) d(pl)  r3 r2 ftl, -t d(fi~) d(p3) r3 r2 E2 + d(fi~) r3 F.s + E.4 -

continuing to the liarth to Sci ]cg:

<l!q. 7a>

<Iiq. 8>

<Iiq. 9>

<Iiq. 10>

and as before

fll, =rl frl, <I;q.  11>

f,,, = d(pl) ft[; + El <Ilq.  12>

f,t = d(p4)  d(pj) d(p2) d(pl)  rs r2 r] f~~ + d(p4) d(ps)  d(@l)  rs r2 r] El

+d(p4)  d(p~) rs r2 c.2 +- d(~)~) r3 E3 + F.4 <Hq. 13>

Assuming for the purposes of this data content analysis that the final four terms in I;q.. 13 are very small in corrlparison to

the first term and can be dropped, llq.. 13 simplifies to

f,l = d(~4) d(p~) d(p2) d(bl) r3 r2 rl fl~

substituting back in the function introduced in I;q.. 3:

‘r*=17:lJ[ili7)lia

] . in_ _!.

{“”-[” )
. 2

]-PI
c

r3 r2 r I ft~:

<EC1.  15>

this then becomes

<Ilq. 15a>

since all of the b terms arc Inucb  sniallcr ttlan c, the numerator of 13q.. 15a can be approximated as i (this has the effect
of ignoring the relativistic comelion (o ttlc Doppler shift) and the numerator exJJan(icd.



f,,, = m+P3i2+ P3P1-b3P’  P!. +b4P3.  P2P3P4
c C2 c’ c’ C2 c’

\
-  PI P?  P?_  + P! P2  P3 P4

C3
C4

r] r2 r3 f(l,

]gnoring  all second order effects, Ilq.. 16 can be further approximated and simplified to

frE =
( )
1-PI-F2-F3-P4  rlrzr~f,l,

Cccc

substituting lk].. 17 into liq.. 1:

( )() =: ft[lr] rzr~ - 1 - “ - ‘z - “ - ‘4 rj r? r~ f’t[
Cc(c

and finally

(
0=” “ “ “ )!?!+ !??+ !?l+~ rlrzr3ftl,

c c c

A bent-pipe range observable, R, is defined as:

R=!?! +!?2+!?3+p’1.  .n(A)
C c c (

where:

<Hq. 16>

<Ilq. 17>

<Iiq. 18>

<Eq. I 9>

<riq. 20>

pi... P4 = the path Icngtb of each radio link
n = unknown integer tnultiplier

A = range mc)dulus  (a function of ground hardware configuration)

Given the definitions of the range and Doppler observable from Eq.’s 20 and 18, the sensitivity of the observable to any
parameter z can be readily calculated.

( )@ ~ dih) dd did dP4) q r2 r3 ft[,—--+---–+-—-+-
az az az az az c

(~P1) ~(P2) d(P3)  d(p4)- - -  + - - – - + - -  --+ –- . .
aR (3Z az (3/ az____ )——. s .  .
az c d!q. 22>

A conclusion that can be readily drawn from Ikj.’s 21 and 22 that is not intuitive is that the information content in a
coherent radio metric data point is (to first order) only ctcpcndcrlt  on the frequency on the final downlink leg. For
example, for a radio link where the first leg is X band, the second is S-band, the third is S-band, and the final leg is X-

band, typical values for the three turn around ratios and transmit frequency arc.
rj = 221  = 0.2951 r2 = 2—4~ = 1.086

749 221 ,
r~ = ~uo = 3.666

,

240 and f~t; =7.2 G~lz (Ref. 3), while for an S-bar~dRJ}ll:/UI  ilJM-bar~(l link the corresponding values would
II = -25 = ().’tt394  rz = ~4–9 = 1.(316 r3= ~3~40 = 20.(,9

be 132 737 669 ,  an(i fl[. = 21 ~;ll~, 1 n both of these examples, the term,
rt 12 r~ f(i:, is equal to 8.4  CJIIZ.  This result is more than sirnp]y  an interesting detail. Since to first order (and ignoring
transmission mcciia effects), the data content does not clcpcn(i on the frequency of’ the inter-spacecraft links, the choice



of fl-cque.ncics and tramsponclers  for tbc this link can bc made without rc.gard to navigation issues. This can be a
significant cost savings issue. Additionally from an operational pcrspcctivc, it is not possible (without extra information)
for the operator of the ground trackinx systcm to know what frequency is bcin~ used on the spacecraft/spacecraft link,
IIowcver”all  that is rcqu;red is that the-pr~duc[ of the three turn around ratios bc known. -
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Figure 2: Comparison of bent pipe l)opplcr  and traditional Doppler Iandcr %height sensitivity

Numerical Analysis

Equations J 9 and 22 give the partial derivatives of a Doppler and range observation with respect to an arbitrary parameter
z, Ikom these it is possible to calculate the approximate sensitivity of a nun~ber of observations to parameters of interest.
Iior the purpose of this initial study, the case of an orbiter abcnrt Mars and a lander on the surface is examined, The
orbiter in question, is in a near polar orbit with a semi-rnajor axis of 3775 km. This is the approximate orbit planned for
Mars Observer and currently planned for Mars Global Surwyor  (Ref. 4). A lander is located at approximately 30° North
latitude. One quantity of strong interest is the ability to determine the location of the lander on the surface. It has been
known for son~e tin~e that Ijarth based tracking of landers on Mars has difficulty in determining the z - hcigbt componcn[
of tbe position vector in a cylindrical coordinate frame. I;igures  2 and 3 clearly show that bent-pipe Doppler and range
data exhibit a sensitivity to this parameter that is tnore than an ordel of magnitude larger than that for direct lander/13artb
tracking. It should be noted that given the. low polar orbiter chosen for this case, the sensitivity to this parameter in the
bent pipe data is nluch greater than it would bc for a high equatorial orbiter.

‘he bent pipe Doppler data also exhibit n]uch  larger sensitivity to lander spin axis knowledge and longitude knowledge
than the traditional Earth based lander I.)oppler. l;igurc 4 clearly indicates that the partials  for spin axis and longitude arc
approximately 10 to 20 times Iargcr  than the corresponding parlials i or the conventional Doppler.

Unfortunately, this enhanced sensitivity does little good, if it is not possible to separate the lander position from o[hcr
parameters. I>ctailcd covariance  analysis of a si[nilar  problcm  (Ref. 2), indicates that tracking arcs on the order of a
week to a month are required to completely separate tbc knowledge of the orbiter position and the lander position. Sing]c
passes are extremely poor in the ability to separate tllc two spacecraft. The reason for this is clearly indicated in lJigure
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S. ‘]’hc  partial cicrivativcs  of lancicl position and orbiter epoch state. arc given over a single pass (the first pass in the data

arc). The similarity in structur’c  bctwccr~  the two sets of partials, especially the orbiter Cartesian x, and the lander z-
hcight location, make it very nearly impossible to separate the position estirnate.s for the two spacecraft given a short
data ale.
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It is apparent that there is a high probability that coherent bent pipe Doppler and ranging data will provide sufficient
information to allow the navigation of an orbiter and a Iandcr  at Mars. IIowcvcr, a brief examination of the operational
feasibility of such a system from a grounci and spacecraft hardware }Josition is in order, Given current analog phase-lock-
loop (1’1.1,) receivers used by interplanetary spacecraft, the procedol  e for acquiring a coherent bent pipe link would be to,
first, sweep the uplink to the first spacecraft, slow enou~,b  and wide enough to ensure lock. Then repeat the sweep to
attempt to acquire lock of the second spacecraft. This second sweep will have to be slow enough that the first spacecraft
does not drop lock. Then a sweep of the signal to reacquire the downlink  signal at the first spacecraft may bc needed.
I:inally the signal is received on the ground and a coherent link is established. ‘I”his process would place considerable
ovcrbcad  on the tracking bandwidth of the spacecraft receivers, tbc width of the total tracking loop, and the amount of
time required to acquire a signal. Given that for the ge.onletry  identified in this short study, the longest pass of bent pipe
I)oppler data acquired is 12 minutes long, it seems improbable that a link could be set up in this time. However if the
orbiter were in a somewhat higher orbit, and directly controlled mccivers  used, it should be possible to set up a link.
lIowevcr  the need for a controlled receiver could possibly offset tlie cost savings accrued due to the lack of a required
direct to Iiarlh link.

Once a coherent link is set up, if the frequency shifts too much or too quickly radio lock may be lost. Given that the
radio signal to be received by the spacecraft will have the Doppler shifts of multiple legs it is of some concern that the
total shift would be too great to maintain lock. I:igure 6 shows the range rates for the lander and the orbiter for both bent
pipe and traditional tracking methods. It can bc seen that the motion of Mars relative to the Earth station is the dominant
error source and the summation of the two signals would result in kss than 40% increase in maximum Doppler shift over
that from conventional Doppler. Thus it is unlikely that this alone could preclrrdc  the acquisition of bent pipe I>oppler
data.

Conclusion

Coherent bent pipe Doppler and ranging data can provide useful information for the navigation of multiple spacecraft at a
given target which is independent of the frequency used on (he inter-spacecraft link. However, the operational
complexities involved in acquiring a link would most likely require the use of a controlled receiver, rather than the
analog 1’1.1. receivers currently used for the majority of deep space missions and would preclude the acquisition of data
during cxtrcrnely  short visibility periods. Consequently, this clata [ype would not be useable  for the support of a Iandcr
and a low mapping orbiter of the Mars 01~.vcri)cr or Mars G1oIMII  Surveyor type. 1 Iowcver,  for some types of missions
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such a system could significantly dccrcasc  the resource conflicts inhcrenl  in supporting n~ultiple spacecraft at a single
source.

More study is nwfcd of the detailed requirements on the spacecraft  telccollllllllrlicatiotls  system of acquiring a coherent
bent pipe link. Additionally, the ability to separate the position knowledge of a Iancler and an orbiter or of two orbiters
nccrls to be more fully invcstigatccl  than was possible in the scope. of the study. l;inally,  other data types such as two-
way coherent tclcmctcrcd  IJoppler between an orbiter and a Ialldcr sbcmlrl bc investigated. l’his data has similar
information content, and fewer scparahility  problems, but may have additional the.oretical and in~plementation  obstacles.

Range Rate for Mars Orlliter  and Lander
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Figorc 6: Comparison of range rates for various combinations of lander and orbiter observations

‘Me work dcscribccl here was performed at the Jet Propulsion I.aboratory, California Institute of Technology under a
contract with the National Aeronautics and Space Administration.
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